The material properties of heart valves depend on the subject's age, the state of the disease and the complex valvular microarchitecture. Furthermore, valvular interstitial cells (VICs) are mechanosensitive, and their synthesis of extracellular matrix not only determines the valve's material properties but also provides an adhesive substrate for VICs. However, the interrelationship between substrate stiffness and VIC phenotype and synthetic properties is poorly understood. Given that the local mechanical environment (substrate stiffness) surrounding VICs differs among different age groups and different anatomic regions of the valve, it was hypothesized that there may be an age-and valve-region-specific response of VICs to substrate stiffness. Therefore, 6-week-, 6-month-and 6-year-old porcine VICs from the center of the mitral valve anterior leaflet (MVAC) and posterior leaflet (PML) were seeded onto poly(ethylene) glycol hydrogels of different stiffnesses and stained for markers of VIC activation (smooth muscle alpha-actin (SMaA)) and collagen synthesis (heat shock protein-47 (HSP47), prolyl 4-hydroxylase (P4H)). Six-week-old MVAC demonstrated decreased SMaA, P4H and HSP47 on stiffer gels, while 6-week-old PML only demonstrated decreased HSP47. Six-month-old MVAC demonstrated no difference between substrates, while 6-month-old PML demonstrated decreased SMaA, P4H and HSP47. Six-yearold MVAC demonstrated decreased P4H and HSP47, while 6-year-old PML demonstrated decreased P4H and increased HSP47. In conclusion, the age-specific and valve-region-specific responses of VICs to substrate stiffness link VIC phenotype to the leaflet regional matrix in which the VICs reside. These data provide further rationale for investigating the role of substrate stiffness in VIC remodeling within diseased and tissue engineered valves.
Introduction
Valve disease afflicts a substantial portion of the population: 1-2% of 26-to 84-year-olds are afflicted by mitral valve disorders [1] . Valve disease incurs significant morbidity and mortality, requiring over 100,000 surgeries in the USA each year [2] . In many of these disease states the mechanical properties of these valves are altered, often contributing to the poor valve function requiring surgical intervention. Valvular interstitial cells (VICs) are the dynamic, living component of heart valves responsible for synthesizing and maintaining the valve matrix composition, which in turn determines the valve's material behavior. VICs and valves are known to be responsive to changes in their mechanical environment [3] [4] [5] . However, the interplay between matrix-driven material properties such as stiffness and the phenotype and synthetic behavior of VICs, particularly in the mitral valve (MV), has largely been overlooked. Recent work has demonstrated age-related significant changes in valve composition [6] [7] [8] and material properties [9] ; other studies have shown substantial heterogeneity in material behavior among the different anatomic regions of the MV [10] . Given that different aged VICs and VICs from different regions of the MV reside in valve tissues with distinct stiffnesses [9] , it was hypothesized that there may be an age-and valve-region-specific response of VICs to substrate stiffness.
In order to test this hypothesis, separate groups of VICs from three distinct age groups and from two different regions of the MV were cultured on poly(ethylene) glycol (PEG) hydrogels of two different stiffnesses. After 48 h, the resulting VIC expression of cell phenotype and collagen synthesis markers was assessed using immunocytochemistry (ICC).
PEG hydrogels were chosen for this experiment based on their promise as a potential platform for the design of scaffolds for tissue-engineered heart valves. PEG hydrogels are extremely hydrophilic, providing prevention against protein adsorption, a critical step in the immunogenicity and degradation of bioprosthetics [11] . They are also highly permeable, allowing the exchange of nutrients and waste materials [12] . Their stiffness can be regulated by changing the molecular weight and concentration of PEG [13] . However, one of the factors that makes these gels particularly attractive is the ability to customize them by conjugating to the PEG backbone various peptides, including cell ligands and growth factors, as well as incorporating enzyme-degradable sequences allowing tunability of the degradation rate of the hydrogel. This designer biofunctionality makes PEG hydrogels advantageous for the tissue engineering of heart valves. In the present study PEG hydrogels were conjugated with an Arg-Gly-Asp-Ser (RGDS) peptide, enabling VIC attachment to the hydrogel, and methacrylated heparin, which is necessary for normal VIC morphology [14, 15] . These functionalized PEG hydrogels of two different stiffnesses were formulated to keep the concentration of biological cues constant, thus isolating the effect of stiffness on VIC phenotype.
Materials and methods

Synthesis of PEG hydrogel components
PEG-diacrylate (PEG-DA) of 3400 Da MW was synthesized from PEG (Sigma-Aldrich, St. Louis, MO) as previously described [13] . 1 H nuclear magnetic resonance (NMR) analysis revealed >95% acrylation. Methacrylated heparin was synthesized as described previously [14] . Briefly, a 10 mg ml -1 solution of heparin (SigmaAldrich) dissolved in ultrapure water was reacted with 40 molar excess methacrylic anhydride (Sigma-Aldrich). The pH of the solution was adjusted to 7.5 using 4 M NaOH and stirred for 24 h. Methacrylated heparin was then precipitated using cold 95% ethanol. The precipitate was then filtered, dried and dialyzed against ultrapure water using a 1000 Da MWCO membrane (Spectrum Laboratories, Rancho Dominguez, CA). The product was then lyophilized.
1
H NMR analysis revealed 5% methacrylation per disaccharide.
The RGDS peptide (Bachem, Bubendorf, Switzerland) was attached to hetero-bifunctional PEG (PEG-SCM; Laysan Bio, Arab, AL) by reacting the peptide with hetero-bifunctional PEG and catalyst diisopropylamine (Sigma-Aldrich) in dimethyl sulfoxide (DMSO; 1.2 M RGDS:1.0 M PEG-SCM:2.0 M disopropylamine) for 24 h. The product was then dialyzed against ultrapure water using a 1000 Da MWCO membrane (Spectrum Laboratories) and lyophilized. The Trp-Arg-Gly-Asp-Ser (WRGDS) peptide (GenScript, Piscataway, NJ) was similarly attached to hetero-bifunctional PEG. Evaluation of PEG-RGDS by gel permeation chromatography revealed 81% conjugation.
Polymerization of functionalized PEG hydrogels
PEG hydrogels were synthesized by dissolving the appropriate amounts of PEG-RGDS, methacrylated heparin and PEG-DA in phosphate-buffered saline. A volume of 10 ll ml À1 2,2-dimethoxy-2-phenyl-acetophenone (300 mg ml À1 in 1-vinyl-2-pyrrolidone) was added and the solution was poured between two sterile glass slides separated by a 0.4 mm spacer and exposed to ultraviolet light for 2 min (365 nm, 10 mW cm -2 ). Hydrogels were then removed from the mold and soaked in phosphate-buffered saline with 2% antibiotic (Mediatech, Herndon, VA) for at least 24 h allowing the hydrogels to swell to equilibrium. Hydrogel thickness was optically measured using a Leica DFC 320 CCD camera (Wetzlar, Germany) and ImagePro acquisition software (Media Cybernetics, Bethesda, MD). Hydrogel thicknesses were determined from the acquired images using ImageJ software (NIH, Bethesda, MD).
Optimization of functionalized PEG hydrogels
Optimization studies were performed to determine the concentrations of PEG-RGDS and methacrylated heparin in the pre-polymer solution necessary to yield equivalent amounts of these bioactive ligands in the swollen, polymerized gels of the two different weight-volume fractions of PEG-DA. The concentration of methacrylated heparin in polymerized, swollen gels was determined using an uronic acid assay, as described by Blumenkrantz and Asboe-Hansen [16] after gels were hydrolyzed by reacting them with 0.1 N NaOH for 34 h at 37°C. These studies determined that 9.0 mg ml À1 of methacrylated heparin in the pre-polymer hydrogel solution for the 5% weight-volume PEG-DA hydrogel and 10.6 mg ml À1 of methacrylated heparin in the solution for the 15% weight-volume PEG-DA hydrogel yielded equivalent concentrations of methacrylated heparin in the polymerized, swollen gels of the different PEG-DA weight-volume fractions (Fig. 1) . Optimization studies utilizing tryptophan (which was detected by its absorbance at 280 nm using a spectrophotometer (SpectraMax M2, Molecular Devices, Sunnyavale, CA)) in the RGDS peptide (WRGDS, conjugated to PEG using the same reaction as for RGDS; gel permeation chromatography revealed 83% conjugation), determined that 7.49 mg ml -1 of PEG-RGDS in the pre-polymer solutions for both weight-volume PEG-DA hydrogels yielded equivalent final concentrations of PEG-RGDS in the swollen, polymerized gels (Fig. 2 ).
Determination of elastic modulus of functionalized PEG hydrogels
Strips of the two weight-volume fraction PEG hydrogels (5 mm in width) were uniaxially tensile tested using an EnduraTec ELF 3200 (Bose, Eden Prairie, MN). The strain rate was 10 mm s
À1
and load-elongation data were recorded until failure occurred. Displacement was converted to strain based on the initial hydrogel length between grips. The elastic modulus was determined as the slope of the least-squares linear fit to the stress-strain curve.
Cell culture and cell seeding onto PEG
Mitral valves were dissected from hearts from 6-week-, 6-month-and 6-year-old pigs obtained from an abattoir (the 6-week-and 6-month-olds from Fisher Ham and Meat, Spring, TX; the 6-year old from Animal Technologies, Tyler, TX). Based on previous studies demonstrating that the mitral valve anterior center (MVAC) is stiffer than the posterior leaflet [10] , VICs were isolated from the MVAC (representing a stiffer valve region) and the PML (representing a less stiff valve region) from the same mitral valves according to previously published protocols [17] ; cells were cultured in medium containing 10% bovine growth serum (HyClone, Logan, UT) and 2% antibiotic/antimycotic (Mediatech). The medium was changed every 2-3 days and cells were passaged after reaching 80-90% confluence. Experiments were performed on cells from passages 5-6. Cells were seeded onto functionalized PEG hydrogels at a cell density of 6000 cells cm À2 and maintained in 10% serum medium with 2% antibiotic/antimycotic.
Immunocytochemistry
Based on previous reports demonstrating phenotypic changes in fibroblasts and VICs after 24-48 h [14, 18] , in the present study VICs were cultured on gels for 48 h and then fixed by incubation in 10% formaldehyde in PBS for 30 min at room temperature. Samples of dimensions 4 mm Â 6 mm were cut from cell-seeded gels and transferred to the wells of an 8-well coverglass chamber (LabTek II, Nalge Nunc International, Naperville, IL) for ICC staining and subsequent imaging. ICC was performed for markers of collagen synthesis prolyl 4-hydroxylase (P4H; Chemicon, Temecula, CA) and heat shock protein 47 (HSP47; Assay Designs, Ann Arbor, MI), as well as markers related to valve cell phenotype vimentin (Dakocytomation, Denmark) and the marker of VIC activation [19] smooth muscle alpha-actin (SMaA; Dakocytomation), with AlexaFluor 488 secondary antibodies (Invitrogen Molecular Probes, Eugene, OR). Stained gels were imaged using LSM 5 LIVE 5 DuoScan (Zeiss, Oberkochen, Germany) and staining intensity and cell morphology (area and circularity) were quantified using ImageJ software. For determination of staining intensity, cells were outlined and the intensity within each cell was quantified (0-255) relative to any background intensity. Multiple images (3-5) were analyzed for each marker for each VIC population cultured on the different gels.
Statistical analysis
Multifactorial analysis of variance (ANOVA) was performed using SigmaStat (SPSS, Chicago, IL). When the data for a given characteristic was normally distributed (as determined by the software), the program continued with an ANOVA. When the data set was not normally distributed, the data was rank transformed before the ANOVA was performed. In both cases the level of significance was set at 0.05.
Results
Stiffness of different weight-volume fraction functionalized PEG hydrogels
Uniaxial testing revealed that functionalized 5% weight-volume PEG gels had a mean modulus of 34.5 kPa, while functionalized 15% weight-volume PEG gels had a mean modulus of 323.3 kPa (Fig. 3) .
SMaA expression of VICs on gels of different stiffnesses
Not all VICs stained positively for SMaA, as expected. Analysis of the fraction of VICs expressing SMaA (SMaA+ VICs) on the different gels revealed a trend towards decreased SMaA+ VICs on the 15% gels compared to the 5% in the 6-week-old MVAC VICs (Fig. 4 , p = 0.1), but there was no difference between gels for 6-week-old PML VICs. Six-month-and 6-year-old MVAC VICs did not display a difference in the fraction of SMaA+ VICs between gels, but 6-month-and 6-year-old PML VICs showed a trend toward decreased SMaA + VICs on the 15% gels relative to the 5% gels (p = 0.06). Analysis of the intensity of SMaA stain in SMaA+ VICs on the different gels revealed a trend towards decreased intensity in SMaA+ VICs for 6-week-old MVAC VICs (Fig. 5 , p = 0.087) but no difference for 6-week-old PML VICs. Six-month-old MVAC demonstrated no change in SMaA intensity in MVAC VICs but decreased SMaA intensity in PML VICs (p < 0.05). No difference in SMaA intensity between gels was evident for 6-year-old MVAC VICs or 6-year-old PML VICs.
P4H expression of VICs on gels of different stiffnesses
Analysis of P4H, which was expressed by all VICs, demonstrated decreased intensity in 6-week-old MVAC VICs on the 15% gels relative to the 5% gels (p < 0.05) but no difference between gels for 6-week-old PML VICs. Six-month-old MVAC VICs demonstrated no difference in P4H intensity between gels, but 6-month-old PML VICs demonstrated decreased intensity on the 15% gels relative to the 5% gels (Fig. 6, p < 0.05) . Six-year-old MVAC and PML VICs both demonstrated decreased P4H intensity on the 15% gels relative to the 5% gels (MVAC p < 0.05, PML p < 0.085 (trend)). Fig. 3 . Stiffness of the two weight-volume fraction functionalized PEG gels as determined by the elastic modulus during uniaxial tensile testing. Four PEG hydrogel samples of each weight-volume fraction were tested.
HSP47 expression of VICs on gels of different stiffnesses
Analysis of HSP47, which was expressed by all VICs, demonstrated decreased intensity in both 6-week-old MVAC and PML VICs on the 15% gels relative to the 5% gels (Fig. 7 , both p < 0.05). Six-month-old MVAC VICs demonstrated no difference in HSP47 intensity between gels, but 6-month-old PML VICs demonstrated decreased HSP47 intensity on the 15% gels relative to the 5% gels (p < 0.05). Six-year-old MVAC demonstrated no difference in HSP47 intensity between gels, but 6-year-old PML VICs demonstrated increased HSP47 intensity on the 15% gels relative to the 5% gels (p < 0.05).
VIC Morphology on gels of different stiffnesses
For both MVAC and PML VICs of each age and on each gel, two populations of VICs were noted: one with a spindle-shaped cell morphology and a second with a cuboidal cell morphology (Fig. 8) . Analysis of staining intensity of cuboidal and spindleshaped subpopulations revealed that, for given age-and valve-region VICs that responded to substrate stiffness, both subpopulations demonstrated a response (data not shown). Cell morphology analysis of vimentin-stained VICs revealed a decreased cell area of 6-month-old PML VICs on the 15% gels relative to the 5% gels (p < 0.02). No difference was noted in circularity between VICs on PEG hydrogels of different stiffnesses.
Discussion
In this study, mitral VICs grown on functionalized PEG hydrogels demonstrated both age-and valve-region-specific (MVAC vs. PML) responses to substrate stiffness. These results underscore the range of unique phenotypes found in valvular cells and provide compelling motivation for further studies of heart valve mechanobiology.
Previous studies of VICs and substrate stiffness
While the response of cells to substrate stiffness has been studied extensively in cell types from many other tissues (see the excellent review by Nemir and West [20] ), very limited investigation has been performed on the response of VICs to substrate stiffness. Furthermore, even though the material properties of MVs are known to be altered in diseased states [21, 22] and are distinct in different MV regions [10] , no studies published to date have examined the response of MV VICs to substrate stiffness. Additionally, no studies have investigated a potential age-specific response of VICs to substrate stiffness despite a growing awareness that valve Fig. 4 . Percent VICs displaying positive SMaA staining on the two gels of different stiffnesses, *p = 0.06,^p = 0.1 5% vs. 15% gels. Data from the 6-month-old and 6-year-old age groups were not significantly different and so were grouped together; the combined data are shown. matrix, material properties and VIC phenotype change with age [6] [7] [8] [9] .
Work on fibroblasts from different tissues examining cell phenotype and morphology changes in response to substrate stiffness has documented increased actin fibers in response to increased substrate stiffness [20] , appearance of stress fibers on stiffnesses of 10 kPa and above [18] , and an increase in cell spreading that was maximum on substrate stiffnesses of 8-10 kPa [18, 23] . However, all of these studies were performed within a range of substrate stiffnesses that was much lower (i.e. 1-100 kPa [20] ) than the stiffnesses used in the present study. While the in vivo stiffness of the MVAC continues to be debated [24, 25] , and the in vivo stiffness of the PML remains to be determined, these stiffnesses are certainly considerably greater than the 1-10 kPa range of substrate stiffness commonly utilized in fibroblast experiments. The two gel stiffnesses used in this study were chosen to be in the same general range that could be consistent with the in vivo stiffnesses of the MVAC and PML, yet were different enough to potentially elicit age-and valve-region-specific VIC responses.
Three previous studies aimed at identifying factors in aortic valve (AV) calcification have analyzed the effect of substrate stiffness on mineralization and activation of porcine AV VICs. One work [26] compared the calcification potential of AV VICs seeded at confluence (allowing cell-to-cell interaction) on PEG hydrogels (compressive modulus of $100 kPa) functionalized with fibronectin or fibrin to AV VICs cultured on unmodified tissue culture polystyrene (TCPS, a much stiffer substrate) and TCPS coated with fibrin and fibronectin [26] . One of their key findings was that the response of VICs to substrate stiffness depended on the matrix coating the substrate [26] . Another study showed that porcine AV VICs cultured on collagen gels of different stiffnesses did not display any difference in calcification potential in normal medium, but in calcification medium AV VICs developed different types of calcific nodules depending on the collagen gel stiffness [27] . In an earlier study [28] , SMaA expression in AV VICs was increased on stiffer collagen gels; however, in this study VICs were simultaneously exposed to different concentrations of collagen fibers and this may have confounded the interpretation of their results [28] .
Age-and valve-region-specific responses of VICs to substrate stiffness
In the present study both age-and valve-region-specific responses of VICs to different substrate stiffnesses were evident. Based on ex vivo experiments of material properties of different aged porcine MVs and different regions within the porcine MV (MVAC vs. PML [10] ), one would expect the 6-week-old VICs to be accustomed to a less stiff substrate relative to the 6-monthand 6-year-old VICs. Similarly, given studies demonstrating that MVAC tissues are stiffer than PML tissues [10] , one would expect MVAC VICs to be accustomed to a stiffer substrate than PML VICs. Unfortunately, the actual in vivo stiffness of the MVAC remains unclear, with only a few reports citing vastly differing values [24, 25] ; no reports exist citing values for the in vivo stiffnesses of different aged MVAC and PML. Potentially, the results from this study could be explained by differences in ''optimal" stiffness for each VIC population assessed. Just as ''optimal" stiffnesses have been demonstrated for stem cell lineage specification and the expression of associated cellular markers [29] , in VICs expression of myofibroblast phenotype and collagen synthesis markers may reach a maximum at a certain stiffness, and this stiffness could be unique for each VIC population. Based on the mechanical testing studies cited above, potentially the ''optimal" stiffness for 6-week-old PML would be less than those for 6-month-old PML and 6-week-old MVAC. Where the stiffnesses of the 5% and 15% gels fall relative to one another upon this hypothetical marker expression-stiffness curve for a particular VIC population could explain whether differences in marker expression were observed between the VIC population seeded on the 5% and 15% gels (Fig. 9) . Clearly, substantial future work is needed to investigate this hypothesis further, including a larger number and range of substrate stiffnesses. Nevertheless, the results from this study demonstrate that there are age-and valve-region-specific responses of VICs to substrate stiffness.
In terms of specific protein expression, SMaA expression and proportion of SMaA+ cells generally paralleled changes in collagen Fig. 8 . Images of vimentin-stained VICs from each age group demonstrating two distinct VIC morphologic subpopulations: spindle-shaped cells (see the white arrow in the 6-week-old image) and cuboidal cells (see the yellow asterisk in the 6-weekold image). These distinct subpopulations were evident for VICs isolated from both MVAC and PML and on PEG gels of both stiffnesses. Shown here are MVAC VICs on 15% PEG gels. Scale bars indicate 50 mm. synthesis markers in 6-week-old and 6-month-old MVAC and PML VICs. However, in 6-year-old VICs changes were evident in markers of collagen synthesis despite no detectable change in SMaA intensity. Benton et al. [26] similarly found some uncoupling between stiffness-mediated changes in SMaA expression and calcification potential of AV VICs. While the results for HSP47 largely paralleled those of P4H, in 6-year-old PML VICs P4H expression was decreased on 15% gels relative to 5% gels, while HSP47 was increased. Other studies, however, confirm the potential for independent regulation of HSP47 and other markers of collagen synthesis (such as P4H) by mechanically stressed tendon cells [30] and fibroblasts treated with transforming growth factor-beta [31] . Certain enzymes, such as lysyl hydroxylase 2, have also demonstrated differential regulation of HSP47 and P4H in dermal fibroblasts [32] . Therefore, it appears reasonable for HSP47 to show distinct changes in response to substrate stiffness relative to P4H.
As anticipated, based on inherent differences between VICs from AV compared to MV [33, 34] , the SMaA results in this study are different from those of AV VICs reported by Pho et al. [28] . Additional distinctions between these two studies, such as cell seeding density, different adhesive substrates and range of substrate stiffnesses [28] , may also have contributed to the different results. Work by Engler et al. [29] has demonstrated that for stem cells there exists a stiffness at which there is a maximum in myofibroblast marker expression, and above this stiffness myofibroblast marker expression actually decreases, which would be consistent with the findings of this study. Differences in the results between the Pho et al. study [28] and the present study may also be due to the matrix components used in the substrates of different stiffnesses.
VIC subpopulations
Distinct VIC subpopulations, including the spindle-shaped and cuboidal cell morphologies evident in this study, have been previously documented [35, 36] . The spindle-shaped cells demonstrate qualities similar to fibroblasts, while those with cuboidal morphology are similar to myofibroblasts and are associated with valve remodeling and various valve pathologies [19, [35] [36] [37] . These subpopulations also demonstrate differences in adhesion to different substrates and matrix components, such as fibronectin [38, 39] . In the present study, when a difference in marker expression in VICs between the gels of different stiffnesses was evident, both subpopulations appeared to display this difference. Recent advances in the isolation of these subpopulations could allow a more in-depth investigation of these subpopulations with respect to substrate stiffness [39] .
Implications
These distinct responses of VICs from different-aged MVs and different MV regions have important implications for our understanding of valve mechanobiology and motivate further study in the context of various diseased states. In light of the fact that these different VIC populations (from different aged valves and from different regions) reside in matrices of different stiffnesses, these results suggest that the in vivo mechanical environment in which VICs reside has a profound, fundamental impact on the responsiveness of VICs to their external environment (i.e. their baseline intracellular signaling framework), even in the ex vivo setting. In the context of normal aging, these distinct responses could relate to the ability of the valve to remodel appropriately in response to age-related changes in hemodynamics. With respect to normal physiology, the region-specific differences may relate to the different loading patterns that these regions experience. The age-specific differences could relate to the predilection of certain valve diseases to occur at certain ages, and the valve-region-specific responses could relate to the propensity of certain valve diseases to preferentially affect specific regions of the MV. Knowledge of cell-substrate interactions also has relevance for valve tissue engineering; the design of a tissue-engineered heart valve scaffold should consider how its stiffness affects the phenotype and matrix synthesis of whatever cells will be seeded within or recruited into the scaffold. The results from this study suggest that the scaffold stiffness may need to be carefully tuned depending on the cell type used.
Limitations and future studies
While the results of this study provide fundamental knowledge regarding how MV VICs respond to substrate stiffness, substantial work still needs to be done in this area and certain study limitations should be noted. While the concentrations of biological cues presented to these cells (RGDS and methacrylated heparin) were carefully orchestrated to be the same between the two substrates, there may be differences in how different aged VICs and VICs from different valve regions respond to the same concentration of these biological cues (for example, if cultured on tissue culture plastic). Future studies investigating this further, examining how these short-term changes relate to longer term changes and downstream processes, and perhaps assessing differences in how these cells interact with their substrate (i.e. expression of integrins), would add insight in this area. Additionally, the mechanism(s) by which these cells respond differently to their substrate warrants investigation. For instance, while PEG is highly hydrophilic and does not adsorb proteins, heparin is known to bind growth factors [40] . Therefore, differences in the amounts or types of growth factors produced by these different VICs in response to different substrates could then be sequestered by heparin in the gels and propagate changes in the VIC phenotype. Future investigation into inherent differences between these VIC populations could also lend insight into the results found in this study. Ultimately, a larger range of substrate stiffnesses, including stiffnesses that match those in Fig. 9 . Schematic illustrating how differences or lack of differences in marker expression between 5% and 15% gels may relate to a hypothetical marker expression-substrate stiffness continuum that is distinct for each VIC population (i.e. age and valve region). The stiffnesses of the 5% and 15% gels fall on the marker expression-substrate stiffness curve in A such that marker expression on 5% gels is greater than on 15% gels, whereas the 5% and 15% gels fall on the marker expression-substrate stiffness curve in B such that marker expression on the 5% gels and 15% gels are equal.
which these different VICs reside in vivo, could allow the determination of an ''optimal" substrate stiffness for each VIC population. However, this has been difficult given the limited, conflicting reports regarding the in vivo stiffnesses of the MVAC [24, 25] and the lack of any in vivo studies of the PML. The goal of this set of experiments was to first determine whether there were age-and valve-region-specific responses to substrate stiffness. An exciting topic for future studies is the role of substrate stiffness in the pathogenesis of mitral valve diseases, such as myxomatous degeneration, and how age-specific and region-specific responses of VICs to substrate stiffness might relate to the incidence of myxomatous changes in particular age groups and valve regions. It should be noted that the time point of 48 h was chosen as it allowed sufficient time for cell adhesion, interaction with the matrix and phenotypic changes, while being short enough so as to not be confounded by potential differences in cell proliferation between the different VIC populations. However, it will be important in the future to examine how these short-term changes relate to downstream processes and longer term changes.
Conclusions
In this study, the response of MV VICs to substrate stiffness has been investigated for the first time. VIC populations taken from different regions of the same MV and VICs of different ages cultured on PEG hydrogels of different stiffnesses demonstrated age-and valve-region-specific responses to substrate stiffness. These findings should be taken into consideration in the design of an age-specific tissue-engineered heart valve and in future investigations of heart valve mechanobiology.
